Blast, caused by Pyricularia oryzae, is the most important fungal disease of rice worldwide. This study aimed to compare root and foliar supply of soluble silicon (Si) on rice resistance to blast. The application of soluble Si to the roots increased Si concentration in leaf tissues as compare to plants grown in soil amended with calcium silicate. There was no increase in leaf Si concentration after soluble Si spray, regardless if the leaves were washed or not before analysis. X-ray microanalysis revealed that Si deposition was very similar on the leaf epidermis of plants sprayed with soluble Si, root amended with soluble Si or grown in soil amended with calcium silicate. The lesion size, the number of lesions per cm 2 of leaf and the area under blast progress curve were reduced for rice plants grown in soil that received the application of soluble Si or was amended with calcium silicate. The results of this study showed that the supply of soluble Si to the roots or its spray onto to the rice leaves can decrease blast symptoms.
INTRODUCTION
Rice blast, caused by Pyricularia oryzae (Cooke) Sacc.) (teleomorph Magnaporthe oryzae (T.T. Hebert) Yaegashi & Udagawa) Barr is the most important fungal disease of rice (Oryza sativa L.) and causes significant yield losses worldwide (Ou, 1985; Skamnioti et al., 2009 ). The application of silicon (Si) to rice fields to control blast is an alternative, especially when rice is grown in soils with low Si availability Seebold et al., 2000) . The Si uptake by rice is about twice that of nitrogen (Savant et al., 1997) . A thick layer of silica beneath the cuticle of rice leaves and sheaths (Yoshida et al., 1962) can impede P. oryzae penetration and then decrease the number of lesions on the leaf blades ). In addition, the soluble Si in plant tissue may somehow be associated with an increase in rice resistance to blast through the production of phenolic-like compounds, diterpenoid phytoalexins and the activation of some PR-genes (Rodrigues et al., 2003; 2004; .
Slags, potassium silicate and sodium silicate, the major Si sources, are applied either to soil, soil-less media or hydroponic system to increase the accumulation of this element in plant shoots and enhance host resistance against pathogens attack (Bélanger et al., 1995; Datnoff et al., 2007; Rodrigues et al., 2001) . Some studies have determined that leaf application of potassium silicate controlled powdery mildew on leaves of cucumber, grape, muskmelon and zucchini squash . The root application of Si was efficient in reducing powdery mildew severity in cucumber and enhancing the activities of peroxidases, polyphenoloxidases and chitinases (Liang et al., 2005) . Leaf application of Si also gave a satisfactory disease control, probably through a physical barrier due to Si deposition on leaf surfaces or an osmotic effect of the silicate applied. However, leaf application was not able to enhance the activity of enzymes involved in host defense (Liang et al., 2005) . The foliar spray of different Si-based formulations was less effective in reducing powdery mildew on wheat plants in comparison to the root application of these formulations (Guével et al., 2007) .
Despite the potential of Si as an alternative strategy to manage blast, the feasibility of Si to control this disease through leaf application is, to the best of our knowledge, unknown. Therefore, the objective of this study was to investigate the effects of root and leaf Si applications on the deposition of this element on rice leaf tissues and, consequently, on rice blast progress.
MATERIAL AND METHODS

Soil material, plant growth and application of the treatments
The soil type used in this experiment was a Si-deficient typical Acrustox red yellow latosol collected at the 'Triângulo Mineiro' savanna area with 530 g kg -1 of clay; pH in KCl=4.8; P (Mehlich-1)=0.5 mg dm -3 ; K (Mehlich-1)=13 mg dm , respectively; base saturation=2% and organic matter=2.3 dag kg -1 . The concentration of available Si (extraction in CaCl 2 ) was 11.8 mg dm -3 , which can be considered very low and adequate for an experiment aiming to test the efficiency of any product containing Si. Each plastic pot was filled with 2 kg of air-dried, sieved (5 mm) soil. Calcium silicate, used as the Si source (Harsco Minerais, Timóteo, Minas Gerais, Brazil), was composed of 10.5% Si, 25% Ca and 6% Mg. Calcium silicate was incorporated into each pot at the rate of 1.4 g kg -1 of soil. Calcium carbonate (40% Ca, Sigma-Aldrich, São Paulo, Brazil) was at the rate of 0.95 g kg -1 of soil to equilibrate the amount of Ca in this treatment with the amount present in pots that received 1.4 g of calcium silicate. Pots receiving calcium carbonate also received 0.39 of magnesium carbonate (24% Mg, Sigma-Aldrich, São Paulo, Brazil) per kg of soil. Soil in each pot was incubated for 60 days with humidity around 65% before sowing five rice seeds from the cultivar Metica-1 considered to be susceptible to blast. Ten days after emergence, each pot was thinned to two plants. Soil ) 24 hours before inoculation with P. oryzae; (5) calcium carbonate and soil watered five times with soluble Si solution (0.05 mL of Armurox® per pot) weekly and (6) calcium carbonate and spray of propiconazole (1.5 mL L -1 ) 24 hours before inoculation with P. oryzae.
Inoculation procedure
A pathogenic isolate of P. oryzae, obtained from symptomatic rice plants, was used to inoculate the plants. Pieces of filter paper containing the fungus were transferred to Petri dishes with potato-dextrose-agar (PDA). After 3 days, PDA plugs containing fungal mycelia were transferred to new Petri dishes. Petri dishes were kept in a growth chamber at 25°C with a 12 h photoperiod for 10 days. A conidial suspension of P. oryzae (1×10 4 conidia mL -1
) was applied as a fine mist to the adaxial leaf blades of each plant (35 days after seedling emergence, vegetative growth stage) until runoff using a VL Airbrush atomizer (Paasche Airbrush Co., Chicago, IL). Gelatin (1%, wt v -1 ) was added to the sterile water to aid conidial adhesion to the leaf blades. Immediately after inoculation, plants were transferred to a mist chamber at 25±2°C with an initial 24 h dark period. After this 24 h period, plants were incubated using a 12 h photoperiod of ca. 162 µmol m -2 s -1 provided by cool-white fluorescent lamps. The relative humidity inside the mist chamber was approximately 95±2% throughout the experiments. Plants were kept inside the mist chamber for the duration of the experiments.
Blast assessment
The fourth and fifty leaves from the main tiller of each plant were marked and used to evaluate the incubation period (IP), lesion size (LS), number of lesions (NL) per cm 2 of leaf and blast severity. The IP (in hours) was scored by examining the marked leaves every four hours after inoculation (hai). The size (mm) of six randomly lesions on marked leaves of each plant was measured employing an electronic digital caliper at 72 hai. Also at 72 hai, the number of lesions per cm 2 of leaf area was counted at three randomized places on marked leaves per plant with a hand-held microscope (×20). Blast severity on leaves of each plant was scored at 24, 36, 48, 72 and 96 hai using a scale based on the percentage of diseased leaf area (IRRI, 1996) . Area under blast progress curve (AUBPC) for each leaf in each plant was computed using the trapezoidal integration of blast progress curve over time according to Shaner and Finney (1977) .
Plant tissue analysis and X-ray microanalysis for Si
Leaves of plants from the six treatments listed above were removed at 100 hai. For plants sprayed with soluble Si (treatment 3), one-half of each leaf was gently washed in sterile deionized water for 10 minutes to remove any Si deposition on the sprayed leaf surface. The other half of each leaf was unwashed. Leaves of plants from the six treatments were analyzed for Si concentration by colorimetric analysis as described by Elliott and Snyder (1991) and by scanning electron microscopy coupled to an energy dispersive X-ray microanalysis mapping.
Experimental design and data analysis
The experiment was arranged in a completely randomized design with six treatments and five replications. Each experimental unity consisted of one plastic container and two rice plants. The experiment was repeated once. Data from Si concentration on leaf tissues, IP, LS, NL and AUBPC were subjected to ANOVA and means of the treatments were tested for significant differences (p=0.05) using Tukey's test.
RESULTS
Concentration of Si on leaf tissues
For Exp. 1, there was no significant difference among the treatments 1, 3a, 3b and 4 and also among the treatments 3a, 3b and 6 for Si concentration on leaf tissues (Table 1) . However, Si concentration on leaf tissues significantly increased for treatments 2 and 5 as compared to the other treatments (Table 1 ). For Exp. 2, there was no significant difference among the treatments 1, 3a, 3b and 4 and also among the treatments 1, 4 and 6 (Table 1) . However, Si concentration on leaf tissues significantly increased for treatments 2 and 5 as compared to the other treatments (Table 1) .
X-ray microanalysis of Si on leaf tissues
A similar pattern of Si deposition was observed among the treatments based on the X-ray microanalysis (Figure 1 ). On the leaf surface of plants from treatments 1 (Figure 1a ) and 6 (Figure 1g 
Components of rice resistance against blast
For Exp. 1, the IP significantly increased for the treatments 2 and 5 as compared to the treatments 1 and 4 (Table 2 ). There was no significant difference among the treatments 2, 3 and 5 and also among the treatments 1, 3 and 4, but these treatments were significantly different from treatment 6. For Exp. 2, the IP significantly increased for the treatments 2, 5 and 6 as compared to the other treatments. There was no significant difference between the treatments 5 and 6; 3 and 4; and 1 and 4 (Table 2). For Exp. 1, the LS significantly decreased for treatments 2, 3, 4 and 5 as compared to the treatments 1 and 6 (Table 2 ). There was no significant difference between the treatments 2 and 5 and also between the treatments 3 and 4. For Exp. 2, the LS significantly decreased for the treatments 2, 5 and 6 and also for the treatments 3 and 4 as compared to treatment 1. There was no significant difference among the treatments 2, 5 and 6 and also between the treatments 3 and 4 (Table 2 ).
For Exps. 1 and 2, the NL significantly decreased for the treatments 2, 3, 4 and 5 as compared to the treatments 1 and 6 (Table 2 ). For Exp. 1, there was no significant difference between the treatments 2 and 5 and also between the treatments 3 and 4. For Exp. 2, there was no significant difference among the treatments 2, 3, and 5 and also between the treatments 3 and 4 (Table 2 ).
For Exp. 1, the AUBPC significantly decreased for the treatments 2, 5 and 6 as compared to the treatments 1, 3 and 4 (Table 2 ). There was no significant difference among the treatments 2, 5 and 6. There was significant difference among the treatments 1, 3 and 4. For Exp. 2, there was no significant difference between the treatments 1 and 4; 3 and 4 and among the treatments 2, 3 and 5. However, the treatments 1, 3, 4 were significantly different from the treatment 6 (Table 1) .
DISCUSSION
In the present study, the impact of Si in decreasing the IP, LS, NL and AUBPC was best achieved when this element was uptaked by the roots, which resulted in high Si concentration on leaf tissues. The spray of soluble Si or potassium silicate provided some blast control; however, this cannot be exclusively attributed to Si deposition on the adaxial leaf epidermis because they did not increase Si concentration in the leaf tissues, regardless if the leaves were washed or not before chemical analysis. It was demonstrated by X-ray microanalysis that Si deposition was very similar on the leaf epidermis of plants sprayed with soluble Si, watered with soluble Si or growing in soil amended with calcium silicate contributing, therefore, to reduce the blast symptoms.
It has been demonstrated that Si deposition seems to be more efficient in enhancing rice resistance against fungal infection when this element is taken up by roots (Datnoff et al., 2007) . The number of lesions developing on leaf blades and sheaths of rice plants caused by the foliar pathogens P. oryzae and Rhizoctonia solani, respectively, was greatly reduced upon soil amendment with calcium silicate (Rodrigues et al., 2001; Seebold et al., 2001) . Spray of potassium silicate aiming to achieve high Si concentration in rice leaf tissues was not as efficient as the soil amendment with calcium silicate. Bowen et al. (1992) reported that the thick potassium silicate deposits that coated a significant portion of the grape leaf cuticle prevented the penetration by germinating ascospores of Uncinula necator. Fungal development was more extensive in the areas of the leaf surface that had not been coated. also showed that foliar applications of potassium silicate to cucumber, muskmelon and zucchini squash reduced the number of colonies of Podosphaeria xanthii and, as a consequence, decreased powdery mildew severity. Kim et al. (2002) determined the Si accumulation in rice leaf tissues and its possible contribution to blast resistance using the X-ray microanalysis technique associated with scanning electron microscopy. According to the authors, Si was deposited in the outer regions of the cell walls of epidermal cells and was associated with a possible cellular mechanism of enhanced rice resistance to P. oryzae infection. Although the mechanical barriers resulting from Si polymerization in plant tissues reduce the rice blast symptoms, Rodrigues et al. (2003) provided cytological evidences that Si-mediated resistance to P. oryzae in rice correlated with specific leaf cell reaction. The extent of fungal colonization was markedly reduced in plants supplied with Si, unlike; in plants non-supplied with Si, P. oryzae grew actively and colonized all leaf tissues. Ito and Hayashi (1931) studied the puncture resistance of epidermal cells to a needle tip from beneath a torsion balance using leaves collected from rice plants grown under different Si rates. The puncture resistance was not explained solely by the leaf epidermis silicification; rather, it was attributed mainly to the nature of the protoplasm of epidermal cells. Seebold et al. (2001) quantified the effects of Si on several components of resistance C.V. = coefficient of variation. Treatments described in Table 1 to blast. They provided clear evidence that by increasing Si rates, the incubation period was lengthened and the number of sporulating lesions, lesion size, rate of lesion expansion and the number of conidia per lesion on leaves of rice plants were markedly reduced. In another study, it was reported that rice cultivars resistant to blast had lower lesion numbers and more silicified epidermal cells than the susceptible ones (Kawamura et al., 1948) .
CONCLUSION
Blast symptoms were reduced on leaves of rice plants that were root or foliar supplied with soluble Si, indicating the importance of this element to increase resistance against P. oryzae infection.
